A long range Laser Range Finder (LRF) is proposed and developed in this paper. A mathematical model, which relates the relation between object distance and Position Sensitive Detector (PSD) voltage output, is investigated. LRF is a single point optical triangulation instrument, which detects distance information quickly and easily without touching the object being measured. It can be used in real-time control application. This kind of instrument is available in today's market, however it is limited to a short range application only (maximum range of about 400 mm). The non-linearity is inherent in this kind of instrument, resulting the sensitivity and accuracy change with the distance nonlinearly. Sensitivity and accuracy becomes worse abruptly when distance to the object being measured is longer than a limited range. The proposed long range LRF is developed to achieve a longer operation range of about 1 m or more. To improve the instrument accuracy at long range, automatic multi-mode measurement scheme is introduced and implemented. The PSD output voltage is selected properly from a corrected mode. Then it is shifted and scaled depending on the mode of operation before feeding to analog to digital converter (ADC) automatically. This automatic multi-mode measurement scheme has showed the ability to make the accuracy finer considerably depending on the number of mode being used.
INTRODUCTION
Range or distance sensor is one of the most important sensors being used in today's manufacturing processes. Many applications in manufacturing control use the information of the distance between two objects. Such applications are seen in conveyor systems, identification systems, and robotics systems, for instances. Mobile robot also needs to know the distance between external obstacle and its body to use in path planing.
Range sensors can be divided into two categories as contact and non-contact range sensors. There is no physical contact between sensor and target in non-contact range sensor. In this case, laser, light, acoustic or CCD camera, etc., are used. In sonar ranging system, the distance is measured based on the return time of an acoustic signal [1] . Infrared ranging system composes of a pair of LED emitter and a photodiode detector. Range of an object is determined by the intensity of the light from the emitters reflected back to the detector at the object. The importance of these parameters depends upon the application using the sensor. For instance, a range sensor fixed on the end effector of a robot arm needs to be very accurate and fast in response in order to be use in real-time control. A range sensor, using laser technology to measure distance, is selected when it is not convenient to make contact with the object being used also. Most of the laser range sensors available now in the market operate at a measuring range from 4 mm to 400 mm. For example, products from
LASER RANGE FINDER
The principle of operation of the LRF is summarized as shown in figure 1 , laser beam is pointed on a target. The diffusely scattering light from the target is converged through a lens and projected on a Position Sensitive Detector (PSD). The PSD generates electrical DC voltage proportional to the position of incident light on PSD surface. This signal is processed through a signal conditioning circuit to produce a voltage whose range is suitable to be fed to an analog to digital converter (ADC). The digital signal from ADC is then applied to the microprocessor (Z80). Figure 2 illustrates the detail structure of the LRF sensor. Block diagram of the electronics components is shown in figure 3 . Microprocessor, which is programmed in assembly language, displays the distance calculated from triangular relation between target distance and incidence light on PSD surface. Furthermore, this distance information can be used in the control loop in the closed loop control systems in manufacturing processes.
Principle of Position Sensitive Detector (PSD)
PSD which is a key component of the system has many advantages such as high position resolution, fast response speed, simple operating circuit, and independency of the focus of the light spot. PSD consists of three layers: P-layer at one surface, N-layer at the other surface, and I-layer between the P-and N-layers over a planar silicon substrate. Incident light falling on the PSD is converted photoelectrically and detected by the two electrodes on P-layer as photocurrent. Figure 6 shows the PSD sectional view.
When a light spot falls on the PSD, an electric charge proportional to the light energy is generated at the incident position. This electric charge is driven through the resistive P-layer and collected by the electrodes. Since the resistivity of the P-layer is uniform, the photocurrent collected by an electrode is inversely proportional to the distance between the incident position and the electrode. It is possible to obtain the formulas for the photocurrents I 1 and I 2 collected by the electrodes, where L and I 0 respectively stands for the electrode interdistance and the total photocurrent.
When the center point of the PSD is set as the original point, the currents ratio follows the following
The structure of one-dimensional PSD along with its equivalent circuit is shown in figure 5 where P is current generator, D is ideal diode, C j is junction capacitance, R sh is shunt resistance, and R D is positioning resistance. Since the PSD has the distribution circuits C j and R d , its time constant acts as a decisive element for waveform response. By using a position signal integration circuit, however, the one dimensional PSD can be used for position detection of a laser beam of 100 ps pulse width.
Geometrical Analysis of the Sensor
The main objective in this section is to apply optical triangular method to analyze the following things:
1. the optimum position and orientation of PSD relative to the lens 2. the relation between target distance and voltage output from PSD.
So that a long range operation is possible, the optimum position and orientation of PSD relative to the lens have to be determined. It is obviously seen that as the target is farther, the reflected light through the lens is weaker. By the relation between object and image in lens equation, it is found that the concentration of the scattering light is maximum (and hence the light energy) at the image position as shown in figure 6 (a).
Behind the lens, shown in figure The relation between target distance and voltage output from PSD is necessary since microprocessor will display the distance to the target information by calculation from the PSD voltage.
PSD Optimum Position and Orientation Analysis
Referring to figure 6(a), the relation between the object and its image is obtained from lens equation. Equation (5) is solved for i x , the following formula is obtained:
The slope of the line of images, m or γ tan , is calculated and found as
where l is the distance between 2 parallel lines; lens axis and laser beam.
The distance of the image along y axis, i y , is represented by straight-line equation
After substitution of m and b into equation (8), we get
Substitute i x from equation (6) into equation (9), we get (9) is the most appropriate model to align the PSD active surface. The measurable range depends upon the position along the line of alignment of the PSD active surface. 
Relation between Target Distance and Voltage Output Analysis
If the distance along the PSD is defined as s which starts as 0 at the point on PSD of the image of the maximum measurable range, ( s x , s y ). The relation between s and d then follows equation (13).
Consider figure 8, the relation between output voltage from C3683-01 conditioning circuit, o v , and distance of incident light spot from the center of PSD, a , is represented by
where L is the active length of PSD.
, substitute all necessary variables into equation (15) 
The distance to the target in the function of the output voltage is written as 
The minimum measurable range is obtained by substitution of o v = 10 V into equation (17), and get 
Sensor Sensitivity Analysis
Sensitivity is one of the most important characteristics of the sensor, which needs deliberate consideration.
The sensitivity of LRF, S , is the ratio between output voltage from the sensor, o v , and the distance to the target d . The sensitivity is calculated from the following equation.
By substitution of equation (16) 
The sensitivity varies with the inverse square of the difference between the distance to the target and the focal length. In the other word, the sensitivity is high at short range and it is low at long range.
Sensor Resolution and Accuracy Analysis
Since the relation between target distance and image position on PSD surface is nonlinear, it leads to the fact that the accuracy of the sensor is not constant and even nonlinear also. Even if the target moves in equal increment, the position of the light spot image on the PSD surface does not move in equal increment.
There are two components influencing the overall accuracy, namely:
1. PSD accuracy 2. ADC accuracy.
It is obviously known that the component with worse accuracy defines the overall sensor accuracy.
PSD Resolution and Accuracy
The resolution of PSD, PSD s ∆ , is defined as the minimum movement of the light spot image on the surface of PSD that still causes a change in output voltage. This value can be found from product data sheet. It is equal to 7µm for S1352 PSD from Hamamatsu, used in our prototype hardware. The accuracy, PSD A , is nonlinear and it is approximated from the following relation.
The worst accuracy, however, is obtained at the maximum detectable range. 
ADC Resolution and Accuracy
The resolution of ADC is defined from the number of possible output states, and it is related to the number of output bits from the converter. The number of state, N , is equal to the number of combinations that can be represented by the number of bits:
where n is the number of bits used in ADC.
To overcome the problem of bad resolution, multi-mode measurement scheme is introduced here. This scheme is summarized as follow:
The detectable range of the sensor is firstly divided into groups. The number of groups depends upon 
where
and g L is the length on PSD surface of the group being considered. In our developed LRF, number of bits of ADC is 8 bits and number of modes is 3 modes.
The worst accuracy of ADC, 
LRF Programming
The function of the developed program is to calculate the distance from the output voltage of PSD after passing conditioning circuit and the circuit which realizes multi-mode measurement scheme, and display the result in mm unit on the LCD panel. There are two inputs to microprocessor; data and control inputs.
Data input is the digital 8-bit information, which represents the analog voltage information in the range of 0-5 V. Control input is the information, which is used to inform the microprocessor about mode of operation. The microprocessor selects an equation from the memory to calculate distance depending on the automatically selected mode. The distance can also be found by looking-up table also. The looking-up table approach is suitable for the system in which exact alignment, positioning, or calibration is hard to implement. The data in each row of the table is the mid-distance between the shortest and the longest distances, obtained by experiment, which return the same ADC output. Flowchart in figure 10 shows the program of LRF.
RESULTS AND DISCUSSION

Results on Geometrical Analysis
In the developed LRF, values of all parameters are chosen and implemented as follow. 
The graph in figure 11 illustrates the relation in equation (37). 
The graph in figure 12 illustrates the relation in equation (38).
Results on Sensor Sensitivity and Accuracy Analysis
The 
The magnitude of sensor sensitivity at each distance is illustrated in graph in figure 13 .
Magnitude of the minimum sensitivity, min S , is obtained at the maximum target distance. 
PSD accuracy at each location on PSD surface, 
The graph in figure 14 illustrates the magnitude of PSD accuracy at each location on PSD surface. the worst PSD accuracy, 
The graph in figure 15 illustrates the magnitude of ADC accuracy at each location on PSD surface. the worst ADC accuracy in single-mode operation, 2 
Since the accuracy of ADC is much worse than the accuracy of PSD, the ADC accuracy defines the overall sensor accuracy. However, the ADC accuracy can be improved by applying of multi-mode measurement scheme.
Implementation of Three-Mode Measurement Scheme
From the graph in figure 13 , it can be concluded that the LRF sensitivity is quite low at long range. In the other word, a change in the target distance at long range results in a small change in PSD output voltage.
At short range, however, the sensitivity is quite high, a change in the target distance results in a big change in PSD output voltage. If mode 1 locates at the current lowest sensitivity range and mode 3 locates at the current highest sensitivity range, the range of each mode is selected by considering from the accuracy equation. For simplicity, the accuracy at the end point of each range is set equally. The span of mode i, i g L _ , is thus selected as
thus, the accuracy in mode i will be improved by In the developed LRF 
The accuracy in mode 1 is improved 13.71 times and represented by the following equation.
The minimum accuracy in this mode is at s = 0 and equals to 6.03 mm. The voltage range of mode 1 starts from -10 V to -10 +1.46 = -8.54 V. 
The accuracy in mode 2 is improved 3.49 times and represented by the following equation. 
The minimum accuracy in this mode is at 48 . 
The accuracy in mode 3 is improved 1.56 times and represented by the following equation. 
The minimum accuracy in this mode is at 22 . 12 by ADC and digitally processed by microprocessor respectively. Since microprocessor must be acknowledged about the mode of operation in order to display the correct distance, the outputs from the logic circuits are also fed to the I/O port of the microprocessor.
Description of the Developed Prototype LRF
The developed prototype LRF contains mainly two parts, the frame of instrument and the electronic circuit board. The instrument frame shown in figure 18 consists of base frame (plastic), laser pointer, optical lens, PSD and calipers. Laser pointer, which generates laser beam, is pointed to the target. Optical lens is fixed on the base frame and positioned above the laser pointer. Position Sensitive Detector (PSD) is fixed on the calipers. It is positioned behind the optical lens with the aligned angle and position determined in the previous context. Using of calipers makes it flexibly in positioning the PSD as needed.
The electronic circuit board, shown in figure 19 , consists of three parts; 1. C3683-01 circuit which is supplied with the selected PSD, conditioning circuit, and three-mode measurement circuit.
Other view of the developed LRF is shown in figures 20 and 21.
CONCLUSION
The limitations of measurement by LRF in long range were improved very much by the concept of multimode measurement scheme. As we have known, even if distance to a target changed in equal increments, position of the image of laser spot on PSD would not change in equal increments. In the other word, LRF is non-linear typed sensor. Generally, accuracy of LRF is quite good at short range, however, the accuracy becomes worse at longer range. To realize good accuracy of LRF for the whole range of operation, measurement is divided into multi modes. Number of modes of operation depends upon how accurate we need from the LRF. Mostly, ADC accuracy which is much worse than PSD accuracy defines the accuracy of the sensor. At long range, the operating range in this mode is short in order that the distance accuracy would be improved. Geometrical analysis of LRF is very important. Small error in alignment, positioning, or calibration of devices might cause a severe mistake in measurement and display. However, looking-up table technique, in which the data in each row of the table is the mid-distance between the shortest and the longest distances returning the same ADC output, can be used to remove the difficulties of these settings.. 
